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Attempts t o  e x p l a i n  t h e  fundamental c r u s t a l  dichotomy on Mars range f rom 
p u r e l y  endogenic t o  extreme exogenic processes (1,2) b u t  t o  da te  no s a t i s -  
f a c t o r y  t h e o r y  has evolved which i s  g e n e r a l l y  accepted. What i s  accepted i s  
( a )  t h e  dichotomy i s  an anc ien t  f e a t u r e  of  t h e  m a r t a i n  c r u s t ,  and ( b )  t h e  
boundary between t h e  c r a t e r e d  h igh lands  and no r the rn  p l a i n s  which marks t h e  
dichotomy i n  p a r t s  o f  Mars has undergone s i g n i f i c a n t  and v a r i a b l e  m o d i f i c a t i o n  
d u r i n g  t h e  observable p a r t s  of  ma r t i an  h i s t o r y .  Fundamental u n c e r t a i n t i e s  
remain, i n c l u d i n g :  ( a )  t h e  t r u e  p resen t  and former  e x t e n t  o f  t h e  boundary 
( i  .e., i s  i t  g l o b a l ? ) ,  ( b )  t h e  na tu re  o f  t h e  c r u s t a l  m a t e r i a l s  u n d e r l y i n g  t h e  
no r the rn  p a r t  o f  t h e  dichotomy ( i s  t h e  dichotomy bo th  topograph ic  and compo- 
s i t i o n a l ? ) ,  ( c )  t h e  na tu re  and d u r a t i o n  o f  t h e  f o rma t i ve  process(es?) ,  and ( d )  
t h e  r e l a t i o n  between t h e  es tab l i shment  o f  t h e  c r u s t a l  dichotomy and t h e  over-  
a l l  i n t e r n a l  and c r u s t a l  e v o l u t i o n  o f  Mars, These a re  impor tan t  ques t ions  
because c r u s t a l  d ichotomies a re  a  common f e a t u r e  amortg t h e  t e r r e s t r i a l  p lanets .  
W i l  helms and Squyres ( 2 )  c a l l  on a  s i n g l e  mega-impact event,  e s s e n t i a l l y  
an instantaneous rearrangement o f  t h e  c r u s t a l  s t r u c t u r e  ( topography and 
l i t h o s p h e r i c  t h i ckness ) .  Wise e t  a l .  ( 1 )  p r e f e r  an i n t e r n a l  mechanism: a  
p e r i o d  o f  v igorous  convec t ion  subcrus ta l  l y  erodes t h e  n o r t h e r n  one t h i  r d  o f  
Mars, caus ing founder ing  and i s o s t a t i c  l owe r i ng  o f  t h a t  p a r t  o f  Mars. Th is  
major  t e c t o n i c  rearrangement o f  t h e  l i t h o s p h e r e  i s  a l s o  cons idered an "event"  
i n  mar t i an  h i s t o r y ,  ending by c r a t e r  ages 50,000 t o  100,000. I n  t h i s  paper we 
rev iew t h e  evidence f o r  each o f  these  two extreme t h e o r i e s ,  conclude t h e r e  i s  
l i t t l e  t o  recommend o r  r e q u i r e  e i t h e r ,  and suggest an a l t e r n a t i v e :  t h e  
f o rma t i on  o f  t h e  c r u s t a l  dichotomy on Mars was n o t  a  s p e c i f i c  t e c t o n i c  "event"  
bu t  a  by-product  o f  t h e  a c c r e t i o n a r y  process and t h e r e f o r e  a  p r i m o r d i a l  
c h a r a c t e r i s t i c  o f  t h e  m a r t i a n  c r u s t ,  p r e d a t i n g  t h e  o l d e s t  recogn izeab le  
1  andforms. 
The Mega-Imapact Hypothesis:  Because i t  i s  a  w e l l - d e f i n e d  process, t h e  
f o rma t i on  o f  t h e  mar t i an  c r u s t a l  d ichotomy th rough a  7700 km d iameter  impact 
( 2 )  i s  more e a s i l y  examined t h a t  t h e  l e s s  p r e c i s e l y  def ined a l t e r n a t i v e  (1) .  
Except ions t o  t h e  impact hypo thes is  a re  several .  The descr ibed  smal l  c i r c l e  
suggested as t h e  bas in  r i m  i s  incomplete and b e t t e r  descr ibed  as a  semi- 
c i  r c r l l  a r  a rc  cove r i ng  l e s s  than  180° o f  long i tude .  C i r c u l a r i t y  i n  any case 
i s  a  necessary b u t  n o t  s u f f i c i e n t  c o n d i t i o n  t o  demonstrate impact. The bas in  
" r i m "  i s  h i g h l y  v a r i a b l e  i n  express ion and cha rac te r  and i t s  l o c a t i o n  i n  
western Mars i s  i n f e r r e d  from presumption o f  c i r c u l a r i t y  and c o n t i n u i t y .  
Even where we1 1  d isp layed ,  f ea tu res  used t o  d e f i n e  t h e  r i m  vary  a long  i t s  
l e n g t h  by more than  might  be expected f o r  a  s i n g l e  impact,  even a l l o w i n g  f o r  
l i k e l y  v a r i a t i o n  i n  t h e  subsequent e ros iona l  processes which have c l e a r l y  
mod i f i ed  t h e  boundary (3,4,5,6). Mass i fs  used t o  d e f i n e  t h e  r i m  i n  many 
cases have been asc r i bed  t o  o t h e r  sma l l e r  bas ins  (7,8,9), There i s  a  l a c k  o f  
bo th  c o n c e n t r i c  and i n  p a r t i c u l a r  r a d i a l  s t r u c t u r e s  over  t h e  e n t i  r e  c i  rcumfer-  
ence t h a t  m igh t  be expected f o r  such a  l a r g e  impact. D e t a i l e d  mapping o f  
detached p la teaus  and knobby t e r r a i n  a long  and away f rom t h e  presumed r i m  
(10,11) does n o t  suppor t  t h e  statement t h a t  a l l  t h e  o l d  c r a t e r e d  t e r r a i n  l i e s  
o u t s i d e  t h e  suggested basin.  Outcrops n o r t h  o f  Olympus Mons and i n  p a r t i c u -  
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l a r  t h e  h ighs tand ing  o l d  subsur face cha rac te r i zed  by t h e  knobby t e r r a i n  i n  
Elysium-Amazonis (12,13,14) which l i e s  near t h e  c e n t e r  o f  t h e  bas in  a re  
d i f f i c u l t  t o  r e c o n c i l e  w i t h  an impact bas in  s t r u c t u r e .  Topographical  l y  t h e  
bas in  has r i m - l i k e  g rad ien t s  o n l y  a long  i t s  southernmost p o r t i o n  i n  Amenthes- 
Aeo l i  s; e l  sewhere t h e  s l ope  f rom c r a t e r e d  h igh1 ands i n t o  t h e  n o r t h e r n  p l a i n s  
i s  much more qradual and l a c k s  r i m - l i k e  character .  
subcrus ta l  E ros ion  and Underp la t ing :  The Wise e t  a l e  ( 1  ) model l a c k s  
q u a n t i t a t i v e  d e t a i l  which cou ld  be tested.  C a l c u l a t i o n s  o f  t h e  amount o f  
su r face  c r u s t a l  m a t e r i a l  t h a t  would have t o  be removed from t h e  n o r t h  and 
depos i ted  i n  t h e  c r a t e r e d  t e r r a i n  a r e  presented and found inadequate ( 1  5 ) ,  b u t  
no s i m i l a r  vo lume t r i c  c a l c u l a t i o n s  a r e  p rov ided  f o r  t h e  favored subc rus ta l  
e ros ion  and subsequent underp la t ing .  It i s  no t  exp la ined  how l owe r  d e n s i t y  
c r u s t a l  b l ocks  a r e  preserved i n  t h e  h i ghe r  d e n s i t y  and h o t t e r  mant le  f o r  t h e  
t i m e  p e r i o d  between t h e  l owe r i ng  o f  t h e  no r the rn  t h i r d  o f  Mars and t h e  l a t e r  
i s o s t a t i c  r i s e  o f  Thars is .  It i s  n o t  easy t o  understand why such s u r v i v i n g  
b locks  would p r e f e r e n t i  a1 l y  c o l l e c t  i n  one o r  two l o c a t i o n s  (p re -Thars i  s  and 
pre-Elysium?) r a t h e r  than  be ing  u n i f o r m l y  d i s t r i b u t e d  over  t h e  remain ing two 
t h i r d s  o f  t h e  m a r t i a n  l i t hosphe re .  The d u r a t i o n  o f  t h e  v igorous  convec t ion  
requ i red  by t h i s  mechanism i s  n o t  s p e c i f i e d  and t h e  s t a b i l i t y  o f  t h e  s imp le  
convec t i ve  p a t t e r n  p i c t u r e d  may a l s o  be questioned. Vigorous convec t ion  may 
i n  f a c t  never have been p a r t  o f  m a r t i a n  h i s t o r y :  thermal models suggest a  
more moderate episode o f  co re  f o rma t i on  which r a i s e s  t h e  g l oba l  temperatures 
on Mars by o n l y  200°C (16,17). I f  p ieces  o f  o l d ,  unfoundered c r u s t  e x i s t  i n  
t h e  n o r t h e r n  t h i r d  o f  Mars (11,12) t hen  ad hoc p r e s e r v a t i o n  mechanisms must 
be invoked o r  p r e - e x i s t i n g  l i t h o s p h e r i c  he te rogene i t y  undermined t h e  e f f e c t -  
iveness o f  t h e  subcrus ta l  eros ion. '  
An A1 t e r n a t i v e  t o  t h e  " 5 i n g l  e  Event" Approach: The geophysical  d i f f i c u l -  
t i e s  assoc ia ted  w i t h  t h e  subcrus ta l  e ros ion  t h e o r y  and t h e  evidence aga ins t  
t h e  s i n g l e  mega-impact model r e q u i r e  t h a t  a l t e r n a t i v e s  t o  account f o r  t h e  
mar t i an  c r u s t a l  dichotomy be considered. There i s  no r e q u i r e m e ~ t  t h a t  t h e  
m o d i f i c a t i o n  t o  t h e  mar t i an  1  i t hosphe re  be due t o  a  s i n g l e  "event"  and i n  
f a c t  t h e r e  i s  l i t t l e  a v a i l a b l e  evidence t o  recommend such one-shot scenarios.  
Perhaps more u s e f u l  would be c o n s i d e r i n g  t h e  cumula t i ve  e f f e c t s  o f  mu1 t i p l e  
sma l le r  sca le  events. Impacts a re  appea l ing  because o f  t h e i r  a b i l i t y  t o  
d r a s t i c a l l y  a1 t e r  ( l o c a l  l y )  t h e  1  i t h o s p h e r i c  s t r u c t u r e .  Because t h e  s ing1  e  
g i a n t  impact hypo thes is  seems i n c o n s i s t e n t  w i t h  t h e  obse rva t i ona l  evidence, 
we r a i s e  t h e  ques t i on  o f  whether o r  n o t  t h e  c r u s t a l  dichotomy on Mars cou ld  
be due t o  t h e  combined e f f e c t s  o f  many more moderate ly-s ized impacts  such as 
might  occur  a t  t h e  t a i l  end o f  t h e  a c c r e t i o n a r y  process. 
Recogn i t ion  o f  anc ien t  impact bas ins  i s  hampered by t h e  processes assoc i -  
a ted w i t h  t h e  f o rma t i on  and e v o l u t i o n  o f  bas ins  (7,18). Desp i te  t h i s ,  new 
bas ins con t i nue  t o  be found on Mars (8,9). I f  t h e  Chryse Basin ( 7 )  i s  taken 
as t h e  l a r g e s t  c u r r e n t l y  accepted impact s t r u c t u r e  on Mars and a  D-2 s c a l i n g  i s  
used t o  es t ima te  t h e  number o f  sma l l e r  impact bas ins  t h a t  cou ld  e x i s t  on t h e  
p l ane t ,  t h e n  an es t ima te  o f  t h e  number o f  "miss ing"  o r  undiscovered bas ins  
can be made: 7  w i t h  d iameters  l a r g e r  than  1000 km, 32 l a r g e r  t han  500 km and 
155 l a r g e r  than  250 km. The combined area o f  t hese  exceeds t h a t  o f  t h e  sug- 
gested B o r e a l i s  Basin. I f  these  s t r u c t u r e s  were a l l  i n  t h e  no r the rn  hemis- 
phere o f  Mars (which i s  u n l i k e l y ) ,  t h e  ove r l ap  expected t o  occur  between them 
would s t i l l  a l l o w  l a r g e  p o r t i o n s  o f  t h e  anc ien t  c r a t e r e d  t e r r a i n  t o  remain as 
i s o l a t e d  i s l a n d s  between basins.  I n  p a r t i c u l a r  l a r g e  b l ocks  such as t h e  
Elysium-Amazonis knobby t e r r a i n  u n i t  m igh t  surv ive.  The patchy d i s t r i b u t i o n  
of p o s s i b l e  o l d  c r u s t  i n  t h e  no r the rn  p l a i n s  (11,12) as w e l l  as t h e  topo- 
g raph ic  i r r e g u l a r i t i e s  found t h e r e  a r e  more e a s i l y  understood i n  terms o f  
m u l t i p l e  ove r l app ing  impacts  than  w i t h  a  s i n g l e  g i a n t  impact. 
M u l t i p l e  impacts cou ld  be expected t o  produce d r a s t i c  and l o n g - l i v e d  
e f f e c t s  i n  t h e  mar t i an  l i t h o s p h e r e  which i n  sum migh t  be f a r  more e f f e c t i v e  
a t  e s t a b l i s h i n g  and m a i n t a i n i n g  a  c r u s t a l  ( l i t h o s p h e r i c )  dichotomy than  
e i t h e r  o f  t h e  two s i n g l e  event t heo r i es .  Large impacts w i l l  t h i n  t h e  l i t h -  
osphere bo th  mechan ica l l y  and t h e r m a l l y  (19,20,21). The depth-diameter 
r e l a t i o n  f o r  v e r y  l a r g e  impacts i s  n o t  known, b u t  i t  i s  1  i k e l y  t o  be a  
sha l low func t i on .  There fo re  ove r l app ing  l a r g e  impacts  cou ld  produce a  
g r e a t e r  t o t a l  mechanical t h i n n i n g  ( l o c a l l y )  than  migh t  be accomplished by a  
s i n g l e  g i a n t  impact, e s p e c i a l l y  away f rom t h e  presumed c e n t e r  of such a  
mega-impact. r le ta i  l e d  thermal h i s t o r i e s  f o r  1  arge s c a l e  impacts a r e  s t i l l  
few, b u t  most show enhancement o f  t h e  thermal  g rad ien t s  below t h e  bas in  f o r  
severa l  hundred m i l  1  i o n  years  a f t e r  impact (19,22). Du r i ng  l a t e  s tage 
a c c r e t i o n  over1 apping impacts  cou ld  occur  w i t h i n  t h i s  per iod.  Volcanism i n  
such areas migh t  be acce le ra ted  and t h e  es tab l i shment  of a  deep-seated 
thermal anomaly i s  n o t  unreasonable. It has been suggested t h a t  impact 
bas ins  p l a y  a  r o l e  i n  t h e  development o f  bo th  Elys ium and Thars is  ( 8 ) :  we 
suggest t h a t  m u l t i p l e  ove r l app ing  impacts may o f f e r  t h e  bes t  o p p o r t u n i t y  
f o r  development o f  a  l o n g l i v e d  v o l c a n i c  complex th rough maximum t h i n n i n g  o f  
t h e  l i t h o s p h e r e  and l o c a l i z a t i o n  of  thermal e f f e c t s .  
Given t h e  e f f i c i e n c y  o f  major  impacts ( e s p e c i a l l y  ove r l app ing  impacts)  
f o r  t h i n n i n g  t h e  l i t h o s p h e r e  and l o c a l i z i n g  vo lcanism and t h e  expected h igh  
r a t e  o f  such impacts  d u r i n g  t h e  f i n a l  a c c r e t i o n a r y  sweep-up, i t  seems 1  i k e l y  
t h a t  a  c r u s t a l  dichotomy may w i l l  have been p r i m o r d i a l ,  a  p r imary  charac te r -  
i s t i c  o f  t h e  m a r t i a n  c rus t .  
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